A trajectory simulation approach has been used to calculate sea spray dispersion above the ocean surface as a function of droplet size, emission rate, and meteorological conditions. By numerically simulating the stochastic turbulent trajectories of a large number of ejected sea spray droplets of various sizes and ejection speeds, the vertical profile of sea spray concentration was deduced from the average residence time of the droplets in each of a set of horizontal layers within the first 10 m above the ocean surface.
INTRODUCTION
A knowledge of the vertical profile of sea spray concentration in the air above the ocean surface has great value in describing the transport into the atmosphere of water mass, heat, and many biological and chemical species that occur near the air-sea interface [Blanchard and Syzdek, 1972, 1982; Fairall et al., 1983; Cipriano et al., 1983] . While there have been many experimental studies of sea spray [Preobrazhenskii, 1973; Wu, 1973 Wu, , 1979 Wu, , 1990 Monahan et al., 1986; De Leeuw, 1986] , there have been fewer theoretical approaches to this subject [Burk, 1984; Strarnska, 1987; Edson, 1987;  Voronov and Gavrilov, 1989; Andreas, 1990 Andreas, , 1992 . Most theoretical studies have used the Eulerian approach, i.e., sea spray dispersion is described by a set of conservation equations in which the turbulent transfer coefficients have to be assumed empirically. Since many of the air-sea transport processes associated with sea spray are droplet size dependent, for example, the enrichment factor of bacteria is greater for large droplets [Blanchard and Syzdek, 1982] , a Lagrangian modeling approach that predicts the trajectories and size evolution of individual sea spray droplets would be an appropriate vehicle to incorporate the physical and chemical processes involved in air-sea transfer processes. This paper describes our first attempt at producing such a model.
The trajectory simulation approach which we use to indirectly deduce the average profile of sea spray concentration is based on the following ideas: If T(i, j) denotes the average residence tim--of the ith ,,o•t;,. The residence time T(i, j) is a function of atmospheric turbulence and the physical properties of the spray. Temperature and humidity also play important roles in determining the size evolution of sea spray [Andreas, 1990] . A heavy particle dispersion model based on the work by Zhuang et al. [1989] , which accounts for these factors and for the surface flux of the sea spray, is used to numerically simulate trajectories of sea spray over the ocean surface under different atmospheric stability conditions. In the following sections the particle dispersion model will be described, the surface flux of sea spray will be defined, and the simulated sea spray profile and distribution will be presented and compared with available experimental data.
MECHANISM FOR THE VERTICAL REDISTRIBUTION OF SEA SPRAY
Wind gives rise to sea spray through various mechanisms, but bubble bursting is the primary one [Wu, 1979] . Increasing wind speed causes a corresponding increase in the production of whitecaps at the ocean surface. These whitecaps form bubbles in the ocean which, when breaking at the surface, produce sea spray. Preobrazhenskii [1973] showed that sea spray can be observed at heights of more than 10 m above the ocean surface in the atmospheric surface layer. However, both calculations [Wu, 1979] and experimental data [Blanchard, 1963] have demonstrated that sea spray droplets cannot reach a height of more than 20 cm in still air owing to the drag and gravitational forces acting on them. Therefore, wave motion and turbulent mixing must act as lifting forces on the sea spray. Once the sea spray droplets are ejected into turbulent air, the turbulent drag tends to redistribute them in all directions relative to the mean air flow. At the same time, evaporation reduces the mass of the droplets. Large droplets are not suspended long enough to evaporate significantly and tend to fall back into the ocean. Smaller droplets, however, are easily transported upward by atmospheric turbulence. Moreover, the droplets do not as a rule evaporate completely. Because of the difference in the motions of small and large droplets, the particle size distribution changes with height, with relatively more small droplets in the upper layers and more large droplets in the lower layers [Preobrazhenskii, 1973] . The steady state distribution of sea spray droplets over the ocean surface will largely depend on (1) the generation of sea spray at the ocean surface, (2) atmospheric turbulence, and (3) the rate of evaporation of the droplets [Wu, 1979; Strarnska, 1987] .
OCEANIC PRODUCTION RATES OF SEA SPRAY
The production rate of sea spray depends on the factors which determine the spectrum of bubbles breaking at the ocean surface, such as the wind dependence of whitecap formation, the relationship between whitecaps and bubbles, the relationship between the bubbles and the ejected sprays, and the ejection heights of the spray droplets. Both theoretical and empirical formulae for sea spray production rates have been proposed [Cipriano and Blanchard, 1981; Monahah et al., 1986; Wu et al., 1984; Zhuang, 1987] . The bubble concentration near the ocean surface has been relatively well established through both experimental and theoretical studies. It has been suggested that the size distribution of bubbles follows a power law behavior with radius after normalization with respect to water depth and wind speed.
The total number concentration of bubbles near the ocean surface has been proposed to be a function of the friction velocity [Kerman, 1986] . This is consistent with the fact that the friction velocity ultimately determines the effect of wind on bubble production. 
MODELING THE TURBULENT TRAJECTORIES OF SEA SPRAY DROPLETS
The trajectory of a sea spray droplet is complicated by atmospheric turbulence, gravity, and exchanges of heat and mass with its environment. Andreas [1990] proposed four time constants to represent these effects on the evolution of a sea spray droplet and found that for droplet radii between 40 and 300 •m the effects of both gravity and turbulence are important. He then suggested that a time dependent model is necessary to account for these two effects. In this paper such a time-dependent particle dispersion model is described and is used to study the motion of sea spray droplets.
The motion of heavy particles in a turbulent flow is different from that of light particles or fluid elements. First, because of their inertia, heavy particles cannot follow the high-frequency fluctuations of the turbulent air exactly. The greater the inertia of the particles, the slower will be their response to the driving fluid velocity. Gravity will also pull them downward. Thus there will always be some relative motion between heavy particles and the surrounding fluid. This is called the "inertial effect." Second, owing to the lack of coincidence between the velocity of the heavy particles and the velocity of the surrounding air, a heavy particle interacts consecutively with different air parcels. In other words, a heavy particle tends to quickly fall out of one eddy and enter a new one. Because of this inertial effect, the velocity history of heavy particles will be different from that of marked fluid elements. Thus we may expect that heavy particles will lose their turbulent velocity correlation more quickly than fluid elements, for which the velocity changes only because of "eddy decay." Yudine [1959] referred to this second phenomenon as the "crossing trajectory effect." The inertial effect and crossing trajectory effect are considered to be crucial aspects of heavy-particle motion in turbulent flow.
The heavy-particle dispersion model starts with the following governing equation for heavy spherical particle mo- 
where y(i + 1) and r/(i + 1) are the independent standard normal random variables and 0r u and 0r w are the standard deviations of turbulent velocity in horizontal and vertical directions, respectively. Given an initial velocity and the drag coefficient, (1) can then be integrated forward in time to simulate heavy-particle trajectories. The model includes the inertial effect naturally and also takes into account both Eulerian spatial decorrelation and Lagrangian temporal decorrelation which are responsible for the crossing trajectory effect. Zhuang et al. [1989] have shown that this model yields good agreement with experimentally observed rates of heavy particle dispersion. For a more complete description of the heavy particle dispersion model, readers are referred to Zhuang [1987] . A unique feature of this model is that mass transfer effect on the droplets can be readily included in the simulation. The simplified size evolution equation for sea spray is [Andreas, 1990] The atmospheric surface layer turbulence must also be specified along with the surface flux of the sea spray in order to carry out the simulation. Despite differences between the physical properties of the ocean surface and land [Takeda, 1981] , measurements [Schmitt, 1979] The size evolution of the droplets was calculated using (2) and (3), according to which, at a humidity of 80% and an initial salinity of 30%ø, a droplet will reach an equilibrium size at about one half of its original size. Most large droplets (r > 75 /am) were found to fall back into the ocean before they attained their equilibrium size.
In principle, all of the surface area upstream of the detector column (Figure 1) contributes to the sea spray concentration. For tracer particles a ratio of at least 100:1 between upstream uniform fetch distance and measurement height is required for a valid dispersion calculation [Schuepp et al., 1990 ]. This so-called "footprint" effect can be seen in Figure 3 Figure 4 illustrates the effect of atmospheric stability on the sea spray concentration profile, where the same sea spray production rate (Figure 2) is assumed for all atmospheric stability conditions. As expected, in the lowest layer (z -< 2 m) the liquid water content changes little with atmospheric stability. This occurs because the surface ejection conditions of the sea spray (assumed invariant) dominate the concentration and turbulence changes little with atmospheric stability near the surface. The high liquid water content in the lowest layer results from droplets having zero vertical velocities (corresponding to their ejection heights) and thus having large residence times within the layer, as well as large droplets falling back into the ocean. However, the effect of turbulence becomes increasingly important with height. A very small amount of water was found above 7 m under stable conditions, whereas stronger turbulent mixing resulted in more water in the higher layers under both neutral and unstable conditions. It should be noted that we have used the same mean wind speed at 10 m for all the stability conditions. This means that the friction velocity u, (equation 4) is smaller under stable conditions than under unstable conditions. Since in nature the spray production will be roughly proportional to u, 3 [Kerman, 1986] and since under stable conditions the actual wind speed is rather lower than our assumed value of 12 m s -] , the actual differences between the liquid water contents under stable, unstable, and neutral conditions should be even more pronounced than those shown in Figure 4 .
In what follows, the features of the sea spray distribution will be discussed based on simulations under neutral conditions.
To illustrate the mass distributions of the sea spray, simulated volume density functions of sea spray at three heights are plotted in 
CONCLUSIONS
A simple trajectory simulation approach to study sea spray profiles has been presented. The simulation has demonstrated the effects of upstream fetch and atmospheric stability on sea spray concentration. The simulated sea spray volume and size distributions agree reasonably well with available experimental data. This study has shown that it is possible to estimate sea spray profiles using a turbulent trajectory simulation approach, provided the surface flux and boundary conditions are well defined. The main advantage of this approach is that it is in principle equally applicable to both complex and simple situations. For many practical purposes, the present study can provide a quick and economical result where an experimental study would be difficult and costly. This numerical model can also be used to simulate a variety of air-sea exchange processes, such as the transfer of contaminants from surface water into the atmosphere.
